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Bone marrow lineage-negative (Lin-) c-Kit* Sca-1* hematopoietic cells from human GM-
CSF receptor gene transgenic mice were cultured on established bone marrow stromal
cell (TBR59) layers and on semisolid medium. In the semisolid assay, an increasing num-
ber of larger colonies were observed in the presence of hGM-CSF. By coculture with the
stromal cells, cobblestones containing myeloid and lymphoid lineages of cells were
formed from the stem cell enriched fraction, and addition of hGM-CSF strongly stimu-
lated formation of the cobblestones containing both lineages. Repeating passages of the
cobblestones on TBR59 stromal cells in the presence of hGM-CSF gradually decreased
cobblestone formation and inversely increased macrophages and granulocytes, while
mast cells were generated when the cells derived from the semisolid assay were cul-
tured in a liquid medium containing hGM-CSF. These results consistently suggest that
cytokines such as GM-CSF may costimulate the immature hematopoietic cells at their
stroma-dependent phase before lineage commitment, and after commitment that occurs
by an intrinsic program of the cells, they may stimulate maintenance and maturation of

progenitor cells.
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The many hematopoietic cell types are all derived from a
single multipotent hematopoietic stem cell. Commitment of
the stem cells to specific lineages is thought to occur by pro-
gressive loss of potential for alternative fates in a stochastic
manner (1, 2), but the molecular events underlying lineage
commitment are not well understood. Cytokines affect the
production of blood cells by interacting with their mem-
brane receptors, which regulate the proliferation and sur-
vival of specific progenitor cells (3). In addition, cytokines
may act as inducers of differentiation and lineage commit-
ment. In fact, using IL-3-dependent multipotent murine
stem cell lines (FDCP-mix), Just et al. (4) reported that sin-
gle FDCP-mix cells infected with retroviral vectors express-
ing GM-CSF are induced to differentiate into granulocytes
and macrophages, suggesting an instructive mechanism by
GM-CSF receptor.

In hematopoietic organs such as bone marrow, self-
renewal and commitment of multipotent hematopoietic
stem cells are regulated in the hematopoietic inductive mi-
croenvironment created by the stromal cells. Studies on
long-term bone marrow culture systems have shown that
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primitive stem cells can be maintained for a long time in
culture on the stromal cell layers of bone marrow (5). We
previously reported that one stromal cell line, TBR59,
among many stromal cell lines established from bone mar-
row using temperature-sensitive (ts) T-antigen transgenic
mice (6), can induce proliferation and commitment of differ-
entiation to myeloid and B-lymphoid lineages of the sorted
stem cells (7). In the present study, we examined whether
commitment of the hematopoietic stem cells could be
altered by cytokines using the sorted bone marrow stem
cells from human GM-CSF receptor transgenic mice (8).
The results indicated that hGM-CSF costimulates rapid
proliferation of the stem cells with stromal cells, but does
not affect lineage commitment.

MATERIALS AND METHODS

Transgenic Mice—To achieve ubiquitous expression of
¢DNAs of both « and B subunits of hGM-CSF receptor, each
c¢DNAs was inserted into the pL.G1 vector, which consisted
of 1.2 kb of the 5’ flanking sequence from the mouse major
histocompatibility complex (MHC) L-locus (H2-Ld) gene,
0.8 kb of the intron, and 0.5 kb of polyadenylation site from
the rabbit B globin gene, and transgenic mice constitutively
expressing high affinity hGM-CSF were generated as de-
scribed (8). Their C57BL/6J background homozygous trans-
genic mice were mated with normal C57BL/6J females, and
F1 were used for the isolation of the hematopoietic stem
cells in bone marrow. The presence of transgene was exam-
ined by genomic polymerase chain reaction (PCR) by using
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0.5 pg of mouse tail tip DNA. The DNA was amplified with
specific primers for the hGM-CSF a-subunit, 5'-TGGACTT-
TCAGTACCAGCTG-3' and 5-GTCTTTGATCTGTGGAA-
CTG-3' and B-subunit, 5'-AGGTCACCAAGGAACAATCCT
3" and 5'-TTTGAAGAGCTGAATGAC-3’, using 0.25 U/ml
AmpliTaq (Perkin Elmer, Branchburg, NJ). PCR was per-
formed with 30 cycles of 94°C (30 s), 55°C (30 s), and 72°C
(90 s). The PCR products were resolved on 2% agarose gel.

Hematopoietic Growth Factors—Recombinant hGM-CSF,
recombinant murine IL-3, recombinant murine I[L-6, and
recombinant murine SCF were provided by Kirin (Tokyo).

Antibodies—Fluorescein isothiocyanate (FITC) conju-
gated anti-B220 (RA3-6B2), anti-TER19 (erythroid lineage
marker), anti-Mac-1 (M1/70), anti-Gr-1 (RB6-8C5), anti-
CD3 (145-2C11), and phycoerythrin (PE) conjugated anti—
Sca-1 antibodies were purchased from Pharmingen (San
Diego, CA) and used as lineage markers. Anti-c-Kit anti-
body (ACK2, generously supplied by Dr. S-I. Nishikawa,
Kyoto University) was coupled with biotin.

Cell Line and Culture Conditions—A mouse bone mar-
row stromal cell line (TBR59) established from tempera-
ture- sensitive SV40 T-antigen gene transgenic mice (6) was
maintained in RITC 80-7 (Kyokuto Pharmaceutical, Tokyo)
supplemented with 2% fetal bovine serum (FBS), 10 pg/ml
transferrin, 10 ng/ml epidermal growth factor (generously
supplied by Wakunaga, Tokyo), and 1 pg/ml insulin. Cul-
tures were incubated in a humidified atmosphere of 5%
CO, in air at 33°C.

Enrichment of Hematopoietic Stem Cells—A highly en-
riched stem cell fraction was obtained from bonemarrow of
hGM-CSF transgenic mice by the modified method de-
gcribed previously (I13). Briefly, bone marrow cells were
incubated with a cocktail of FITC-conjugated monoclonal
antibodies specific to lineage markers (B220, Mac-1, Gr-1,
CD3, and TER119), then with PE-conjugated Sca-1 and
biotinated ACK2 (anti—c-Kit monoclonal antibody), and
finally with streptavidine-arophycocyanine (SA-APC) (Bec-
ton Dickinson, San Jose, CA) and propidium iodide. Lin~ c-
Kit* Scal* cells were sorted by use of FACStar Plus (Bec-
ton Dickinson) with an automated cell deposition unit.

In Vitro Methylcellulose Assay—Fractionated hematopoi-
etic cells were resuspended in 0.5 ml of a-minimum essen-
tial medium (a-MEM) (Gibco BRL, Grand Island, NY) con-
taining 30% FBS, 1% deionized bovine serum albumin,
1.2% methylcellulose, 100 pM 2-meraptoethanol (2-ME),
SCF (100 ng/ml), I1-3 (200 U/ml), and IL-6 (20 ng/ml) in a
24-well plate (Falcon, Becton Dickinson). After 4 and 7 days
of culture at 37°C, colonies consisting of more than 50 cells
were counted in triplicate as colony-forming units (CFU-C),
and colonies greater than 2 mm in diameter after 14 days

TABLE 1. In vitro methylcellulose assay of the sorted stem
cells from hGM-CSF receptor transgenic mice.

CFU-C HPP-CFC

day 4 day 7 dayl4
No addition 20=*05 96*+14 2606
hGM-CSF (10 ng/ml) 9015 256 +1.3° 110=+1.5
hGM-CSF (100 ng/ml) 5308 21.3 +0.3 8308

One hundred sorted Lin~ ¢-Kit* Sca-1* cells were seeded in meth-
ylcellulose in the presence or absence of hGM-CSF. CFU-C were
counted on day 4 and day 7 of culture, and HPP-CFC were counted
on day 14. The values are the mean * SD for three wells. (p <
0.0001, one-way ANOVA).
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were regarded as high proliferative potential colony-form-
ing cells (HPP-CFC).

Cobblestone Formation of the Sorted Stem Cells on the
Stromal Cells—For cocultivation of the sorted stem cells on
stromal cell lines, confluent cell layers of TBR59 cells were
formed in a six-well plate (Sumiron, Sumitomo Bakelite,
Tokyo). The medium was then replaced with «-MEM sup-
plemented with 10% FBS and 100 pM 2-ME, and Lin~ c-
Kit™ Scal® cells were sorted onto each dish. The cultures
were incubated at 37°C and 3/4 of the volume of the medi-
um was changed every 3 days. Colonies formed beneath the
stromal cell layers consisting of more than 10 cells were
counted as cobblestones.

Flow Cytometrical Analysis—For immunofluorescence
labeling, 1 X 10° cells were incubated with FITC-conju-
gated—anti-B220, anti-Gr-1, and anti-Mac-1 antibodies,
PE-conjugated Sca-1, and biotin-conjugated ACK2 in
bovine serum albumin dissolved in phosphate-buffered
saline (BSA-PBS) for 30 min on ice, then incubated with
SA-APC. The cells were washed three times with BSA-PBS
and analyzed by use of FACStar Plus.

Fig. 1. Cobblestone areas from sorted stem cells on the TBR59
stromal cell layers. The sorted stem cells (100 cells/well) from
transgenic mice were cocultured with a cell layer of TBR59 cells, and
cobblestone areas in the absence (A) or presence of hGM-CSF (10 ng/
ml) (B) were observed by a phase-contrast microscopy. Phase-dark
colonies were formed underneath the layer after 4 days of coculture
of the sorted stem cells. Bar indicates 100 pm.

J. Biochem.

2702 ‘T $0qo100 uo Aysienaiun Buied e /Blo'seuinolploxo-qly:dny woly pspeojumoqd


http://jb.oxfordjournals.org/

GM-CSF on Hematopoietic Stem Cells

RESULTS

Effect of hGM-CSF on Colony Formation in Semisolid
Medium of Bone Marrow Hematopoietic Cells from hGM-
CSF Receptor Transgenic Mice—To determine the colony-
forming activity of the sorted stem cells from the hGM-CSF
receptor transgenic mice, lineage negative (Lin™), c-Kit*
Scal* cells were sorted by a cell sorter. The Lin~ c-Kit*
Scal® cells were used for in vitro methylcellulose assay
(CFU-C and HPP-CFC) (Table I). Formation of both CFU-C
and HPP-CFC by the sorted stem cells was greatly stimu-
lated by addition of hGM-CSF. The number and size of colo-
nies were significantly greater in the presence of hGM-CSF
than in its absence, indicating that expansion of the sorted
stem cells was strongly stimulated by signals mediated by
the transduced human GM-CSF receptor. Morphologically,
the cells in the colonies were mostly macrophages.

Effect of hGM-CSF on Cobblestone Formation on TBR59
Stromal Cells by the Sorted Hematopoietic Stem Cells from
hGM-CSF Receptor Transgenic Mice—We previously dem-
onstrated that an established bone marrow stromal cell
line, TBR59, can induce cobblestone area formation com-
mitted to myelopoiesis and lymphopoiesis of the bone mar-

TABLE II. Cobblestone colony formation of the sorted stem
cells from hGM-CSF receptor transgenic mice on TBR59
stromal cells.

Number of cobblestone colonies

Day 4 Day 7
No addition 2603 10.6 = 0.6
hGM-CSF (10 ng/ml) 293 = 14° all

One hundred sorted Lin~ c-Kit* Sca-1* cells were seeded on the
TBR59 stromal cell layers in the presence or absence of hGM-CSF
as described in “MATERIALS AND METHODS” and the cobble-
stones were counted on day 4 and day 7 of culture. The values are
the mean *+ SD for three wells. (p < 0.0001, ¢-test. all * indicates
that the cobblestones covered the entire well.)
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row hematopoietic stem cells sorted as Lin~ c-Kit* Scal®
cells (7). To examine the lineage commitment of the stem
cells in the stroma-dependent culture, Lin~ c-Kit* Scal*
cells from the hGM-CSF receptor transgenic mice were cul-
tured on the TBR59 stromal cell layers. The round cells in
the hematopoietic cobblestone area were phase-dark, indi-
cating that they lay underneath or were rigidly attached to
TBR59 cells, and each cobblestone area formed distinct con-
centric circles, suggesting that they derived from a single
cell, as previously reported (7). In the absence of hGM-CSF,
small cobblestones were observed (Fig. 1A), but in the pres-
ence of hGM-CSF, larger cobblestones were formed (Fig.
1B) and their number was greatly increased by the addi-
tion of hGM-CSF (Table IL.). The cells within the cobble-
stones formed in the presence of hGM-CSF on day 7 of co-
culture were analyzed by Giemsa staining and flow cyto-

Fig. 2. May-Gruenwald-Giemsa staining of the cells in the
cobblestones formed in the presence of hGM-CSF after 7
days of culture. Bar indicates 50 pm.
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Fig. 3. Lineage marker expression
in the hematopoietic cells devel-
oped after 7 days of coculture of
the sorted stem cells with TBR59
stromal cell layers. The cells re-
leased into the culture medium were
1 collected and stained with B220, Gr-1,

:&\‘ Mac-1, TER119, ¢-Kit, or Sca-1 anti-

bodies as described in “MATERIALS
AND METHODS.” Dotted lines indi-
cate the negative control.
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Fig. 4. May-Gruenwald-Giemsa staining of the cells main-
tained on TBR59 stromal cells after four passages for 1
month in the presence of hGM-CSF. Bar indicates 50 pm.

metry. Our previous work (7) showed that the hematopoie-
tic cells within the cobblestones consisted mainly of granu-
locytes, macrophages, and B-lymphoid cells; and Giemsa
staining of the cobblestone-forming cells of hGM-CSF re-
ceptor transgenic mice showed essentially similar patterns
exhibiting multiple types of hematopoietic cells (Fig. 2).
Flow cytometrical analysis (Fig. 3) showed that over 95% of
the cells were Lin* cells, and thus a dominant portion of
the stem cell fraction sorted as Lin~ c-Kit* Scal* cells be-
came differentiated in this culture. Unexpectedly, the ma-
jority of the cells (80%) were lymphoid cells (B220*), while
macrophages (Mac-1*) (17%) and granulocytes (Gr-1*)
(14%) were in low abundance. This contrasted with our pre-
vious result (7) using the sorted stem cells from the non-
transgenic mice, where 70-80% of the cells were
granulocytes and 30-20% of cells were lymphoid cells. In
both cases, erythroid cells (Ter119*) were not detected.

Prolonged Culture of the Sorted Stern Cells—In addition
to the transient effect of hGM-CSF on the sorted stem cells,
its effect was examined in the prolonged culture of these
cells to determine whether hGM-CSF-dependent and
stroma-dependent primitive hematopoietic cell lines could
be generated. In the stroma-supported culture, the cobble-
stone-forming cells were repeatedly transferred to fresh
stromal cell layers in the presence of hGM-CSF. Although
we failed to maintain these cells in the previous work using
stem cells from non-transgenic mice, the cells generated
from the hGM-CSF receptor transgenic mice could be
maintained longer in the presence of hGM-CSF on the stro-
mal cell layers. Cell proliferation terminated after four
transfers, but interestingly, the cells remaining in the final
stage (Fig. 4) were morphologically distinct from those in
the day 7 culture (Fig. 2) and the majority of the cells were
macrophages or granulocytes.

Similarly, we examined whether the cells in the colonies
of semisolid assay could be maintained in a liquid culture
in the presence of hGM-CSF. Cells were maintained over 1
month by repeated passages in the presence of hGM-CSE,
and at that time most showed the morphology typical of
mast cells (Fig. 5). Thus, under different conditions, hGM-
CSF supported maintenance of different progenitor cells
derived from the sorted stem cells.

T. Okubo et al.

Fig. 5. Mast cells maintained for 1 month in liquid culture in
the presence of hGM-CSF. Bar indicates 50 pm.

DISCUSSION

The relation between receptor expression and differentia-
tion of hematopoietic cells was determined by generating
transgenic mice that constitutively expressed hGM-CSF re-
ceptor at almost all stages of hematopoietic cell develop-
ment. hGM-CSF was shown to support various types of col-
onieg, including granulocyte-macrophage, mast cell, mega-
karyocyte, blast cell, and mixed hematopoietic colonies,
whereas mouse GM-CSF supported only granulocyte-mac-
rophage colonies (8). In addition, in vivo administration of
hGM-CSF to transgenic mice resulted in a dose-dependent
increase in reticulocytes and white blood cells in the
peripheral blood, and hGM-CSF generated erythrocyte col-
onies in the absence of erythropoietin (9). These results
indicate that hGM-CSF receptor-mediated signals can sup-
port the growth of cells of all hematopoietic cell lineages if
this receptor is present on the cell surface. The transgenic
mouse models of the receptors for erythropoietin or IL-5
gave essentially similar results (10-13). These findings
favor the stochastic model in which the differentiation of
hematopoietic progenitor cells is determined by an intrinsic
cell program in which cytokines simply select cells that ex-
press the appropriate receptor, rather than the instruction
model in which it is determined by exogenous cytokine
stimulation.

Contrary to the above results, GM-CSF was found to in-
duce the transfected cells to differentiate into granulocytes
and macrophages when GM-CSF receptor gene was intro-
duced into single multipotent FDCP-mix cells by retroviral
vectors, and this suggested an instructive mechanism of
the GM-CSF receptor (4).

We wanted to learn how the cytokine receptor affects the
differentiation program of the stem cells by the direct
action of hGM-CSF on the sorted stem cells from bone mar-
row of the hGM-CSF receptor transgenic mice using a
newly established coculture system (7); in this system the
established stromal cell line, TBR59, can induce a finite
number of divisions committed to myelopoiesis and lym-
phopoiesis of the bone marrow hematopoietic stem cells
sorted as Lin~ c-Kit* Sca-1* cells. In this coculture, the
commitment to differentiation of the stem cells toward
myeloid and lymphoid cells was observed in the absence of

. Biochem.
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exogenously added soluble factors, and antibodies for c-Kit
or very late activation antigen4 (VLA-4) were shown to
inhibit cobblestone formation. Thus, at least in part, signals
mediated through c-Kit, a receptor for SCF (stem cell fac-
tor), are necessary. We asked whether the fates of the hGM-
CSF receptor-expressing stem cells could be switched to-
ward granulocyte/macrophage lineages by hGM-CSF. hGM-
CSF strongly stimulated the cobblestone formation, in
which both granulocyte/macrophage and B-lymphoid lin-
eages were generated from the sorted stem cells. Thus,
hGM-CSF may not act on the stem cells to determine their
differentiation to granulocyte/macrophage lineage, but may
act only as costimulator to the signals provided by the stro-
mal cells. In this study, therefore we found the stochastic
model more favorable.

When the cells were cultured for a long period in the
presence of hGM-CSF on the stromal cell layers, the cobble-
stone formation was gradually reduced and the majority of
remaining cells became granulocytes and macrophages.
This suggested that at the earlier phase of culture, the sig-
nals from the stromal cells may act dominantly on the com-
mitment of the stem cells, and hGM-CSF may provide only
growth signals costimulatory with the signal provided by
the stromal cells. However, once the progenitor cells were
generated, the signals from the stromal cells, though still
necessary, became weaker, and hGM-CSF may act more
dominantly than the stromal signals on the progenitor
cells. hGM-CSF may stimulate growth, and/or induce mat-
uration of the myeloid progenitor cells. This mechanism is
supported by our previous reports that rapid expansion and
differentiation of myeloid progenitor cells to granulocytes or
macrophages were stimulated by particular stromal cell
clones in the absence of cytokines; thus, the myeloid pro-
genitors may have a stroma-dependent phase in their de-
velopment (14). We also reported that THS119, a stroma-
dependent primitive hematopoietic cell line, acquired I1-3
or I1-7 dependence only after prolonged culture with the
stromal cells in the presence of these cytokines (I15). In ad-
dition, we recently generated a stroma-dependent myeloid
progenitor cell clone that can differentiate to granulocytes
and macrophages and can be costimulated by GM-CSF and
IL-3 with the stromal cells (Okubo et al., in preparation).

In contrast to the coculture, only mast cells were main-
tained by hGM-CSF for a long period in suspension culture
of the cells from the semisolid assay, which had contained
macrophages and, possibly, their progenitors. Granulocytes
or macrophages may not be maintained by hGM-CSF even
when its receptor is abundantly expressed, but may use a
similar signaling pathway to IL-3 in mast cells, since mast
cells are known to be maintained easily for a long period in
suspension culture in the presence of IL-3, or it may co-
stimulate with other serum factor(s).

We could not detect TER119-positive erythroid cells from
the hGM-CSF receptor-transduced stem cells, and this is
consistent with the previous observation that no erythroid
cells were generated from the sorted stem cells even with
the addition of erythropoietin to our coculture system (7).
However, it contrasted with the observations that in vivo
administration of hGM-CSF to transgenic mice resulted in
an increase in reticulocytes in the peripheral blood, and
that hGM-CSF generated erythrocyte colonies in the
absence of erythropoietin (8). hGM-CSF may act with other
signals to costimulate the erythroid progenitor cells of the
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transgenic mice, similar to the gp130 signaling association
with c-kit activation in human erythropoiesis in vivo (16).

These results consistently suggest that cytokines such as
GM-CSF may costimulate primitive hematopoietic cells at
their stroma-dependent phase before lineage commitment,
and after commitment they may stimulate growth and
maturation of the progenitor cells.
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